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Collateral flow index, CFI=(Poccl-CVP)/(Pao-CVP)
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Study

Random effects model

Heterogeneity: I-squared=66.5%, tau-squared=0.2097, p=0.0006
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Seiler. Collateral Circulation of the Heart 2009; Springer

Molecular Pathways in Arteriogenesis
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Increased Diastolic Coronary Shear Stress: External Counterpulsation (ECP)
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Protective Effect of Coronary Collaterals
-Sufficient CFI   infarct size
-Sufficient CFI   mortality
-Arteriogenic Tx  likely  mortality

-Physical arteriogenesis:
 diastolic flow velocity / duration
ECP, exercise, ivabradine
ECP: most significant  collateral function

-Chemical arteriogenesis:
Monocyte activation by growth factors 
Granulocyte colony stimulating factors
MCP-1 (cave: atherogenesis)
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Meier P and Seiler C. Heart 2013; epub ahead of print 



1-min Coronary Occlusion: Signs of Ischemia and CFI (n=1‘740)

p<0.0001 p<0.0001
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Intracoronary ECG During Coronary Occlusion
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Coronary Pressure-Derived Collateral Flow Index (CFI)

Traupe et al. Circulation 2010; 122: 1210-
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CFI=(Poccl-CVP)/(Pao-CVP)

Seiler ii/13



CFI=0.08
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Extracardiac Coronary Collateral Supply by the IMA(s) ?
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CFI without LIMA-Occlusion CFI with LIMA-Occlusion

CFI =0.138 CFI =0.195
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„Wer seine Kollateralen 

trainiert, lebt länger. 

Eindrucksvoll haben das der 

Arzt …, von der 

Universitätsklinik für 

Kardiologie und Kollegen in 

Bern nachgewiesen, als sie 

die Daten von 6‘529 Patienten 

auswerteten: ..“

von Jörg Blech
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Schirmer et al. Eur Heart J 2011; epub ahead of print

Hindlimb Arteriogenesis in Apo-E-/- Mice by Ivabradine
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Hindlimb Arteriogenesis in Rabbits by Monocyte Chemotactic Protein-1

Saline infusion

MCP-1
Ito et al. Circ Res 1997; 80: 829-Seiler iv/12
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Arteriogenesis by Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF)
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Effects of Coronary Sinus Occlusion on Intracoronary ECG ST Shift
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1896 Olympic Marathon

Spyridon Louis (GR): 2:58:50
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Vogel et al. Heart 2007; 93: 115-

1-min Coronary Occlusion: ECG Signs of Ischemia and Myocardial Blood Flow

n=28 with CAD and percutaneous coronary intervention
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Hindlimb (Arterio-) and Atherogenesis in Apo-E-/- Mice by MCP-1
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Ligature plus A-V shuntFemoral artery ligature

Seiler i/10
Seiler. Collateral circulation of the heart. Springer 2009



Hindlimb Arteriogenesis in Rabbits by Monocyte Chemotactic Protein-1

Saline infusion

MCP-1
Ito et al. Circ Res 1997; 80: 829-Seiler i/12



Diastolic augmentation of radial artery flow velocity
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Increased Diastolic Coronary Shear Stress: External Counterpulsation

Seiler i/12



Before placebo treatment After placebo treatment

III

avF

i.c.



GM-CSF Placebo

C
o

ll
a

te
ra

l 
fl

o
w

 i
n

d
e

x
, 
C

F
I 
(n

o
 u

n
it

)

Before
treatment

After
treatment

Before
treatment

After
treatment

p=0.028 p=0.98

0.10

0.15

0.20

0.25

0.30

0.35



-.08

-.06

-.04

-.02

0

.02

.04

.06

.08

.1

.12

d
C

F
I 
p
a
t/
a
ll

-10 -5 0 5 10 15 20 25
dTNF-a

 Tumor necrosis factor a (pg/ml)*


C

o
ll

a
te

ra
l 
fl

o
w

 i
n

d
e
x
, 
C

F
I 
(n

o
 u

n
it
)*

y=0.006x
r2=0.56, p=0.0013



Day 0 Day 9 Day 9





20

30

40

50

60

70

80

90

pbs gm-csf_cont gm-csf_interm

C
o

ll
a
te

ra
l 

c
o

n
d

u
c
ta

n
c
e
 (

m
l/
m

in
/m

m
H

g
)

Saline Continuous GM-CSF    Intermittent GM-CSF



0

.05

.1

.15

.2

.25

.3

.35

.4

cfi_bl cfi_fu
0

.05

.1

.15

.2

.25

.3

.35

.4

cfi_bl cfi_fu

G-CSF Placebo

Baseline Follow-up Baseline Follow-upC
o

ll
a
te

ra
l 

fl
o

w
 i
n

d
e
x
 (

n
o

 u
n

it
)

p<0.0001 p=ns



-.2

-.15

-.1

-.05

0

.05

.1

.15

.2

.25

d
_
c
fi

gcsf plcb
-7500

-5000

-2500

0

2500

5000

7500

10000

12500

15000

17500

d
_
c
d
3
4
_
d
1
4

gcsf plcb

p<0.0001 p=0.0008

G-CSF Placebo G-CSF Placebo


C

o
lla

te
ra

l 
fl
o
w

 i
n
d
e
x


C

D
3
4

+
m

o
n
o
n

u
c
le

a
r 

c
e
lls

 /
 m

l



#
 o

f 
G

F
P

-p
o
s
it
iv

e
 c

e
lls

Occluded      Non-occluded

10

30

50

70



Without occlusion Acute occlusion

1 week occlusion, PBS 1 week occlusion, MCP-1

3 weeks occlusion, 1 week PBS 3 weeks occlusion, 1 week MCP-1



ix/2005 xi/2006 xi/2009

Vogel et al. Trends Cardiovasc Med 2010; 20: 129-
Seiler i/12



November 2009

Seiler i/12



Seiler i/12

November 2009



Non-

ligated

1 week 2 weeks 4 weeks

Control group

1 week 2 weeks 4 weeks

A-V shunt group

P
e
rc

e
n
t

0

50

100

150

200

250

p=not significant

Eitenmüller et al. Circ Res 2006; 99: 656-
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Seiler i/12



Physical Coronary Arteriogenesis

-Arteriogenesis = structural artery growth
- Flow velocity: trigger for arteriogenesis
- Flow velocity due to  pressure gradient
-Process in native and collateral arteries
-Arterio-venous shunt: model for arteriogenesis
-A-V shunt creation: arteriogenesis progression
-A-V shunt closure: arteriogenesis regression

-Implication:  diastolic flow velocity / duration
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Myocardial Perfusion by Contrast Echo
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Vogel et al. J Am Coll Cardiol 2005; 45: 754-



Indermühle et al. Eur Heart J 2006; 27: 1571-

Indermühle et al. SMW 2009; 139: 691-

Baseline and Hyperemic Myocardial Perfusion by Contrast Echo
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Lower Limit of Myocardial Perfusion
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Vogel et al. Heart 2007; 93: 115-

1-min Coronary Occlusion: ECG Signs of Ischemia and Myocardial Blood Flow

n=28 with CAD and percutaneous coronary intervention
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